Maintaining high levels of productivity under climate change will require developing cultivars that are able to perform under varying drought and heat stresses and with maturities that match water availability. The CSM-CERES-Sorghum model was used to quantify the potential benefits of altering crop life cycle, enhancing yield potential traits, and incorporating drought and heat tolerance in the commonly grown cultivar types at two sites each in India (cv. CSV 15 at both Akola and Indore) and Mali (cv. CSM 335 at Samanko and cv. CSM 63E at Cinzana), West Africa. Under current climate CSV 15 on average matured in 108 days and produced 3790 kg ha −1 grain yield at Akola; whereas at Indore it matured in 115 days and produced 3540 kg ha −1 grain yield. Similarly under current climate, CSM 335 matured in 120 days and produced 2700 kg ha −1 grain yield at Samanko; whereas CSM 63E matured in 85 days at Cinzana and produced 2210 kg ha −1 grain yield. Decreasing crop life cycle duration of cultivars by 10% decreased yields at all the sites under both current and future climates. In contrast, increasing crop life cycle by 10% increased yields up to 12% at Akola, 9% at Indore, 8% at Samanko and 33% at Cinzana. Enhancing yield potential traits (radiation use efficiency, relative leaf size and partitioning of assimilates to the panicle each increased by 10%) in the longer cycle cultivars increased the yields by 11-18% at Akola, 17-19% at Indore, 10-12% at Samanko and 14-25% at Cinzana under current and future climates of the sites. Except for the Samanko site, yield gains were larger by incorporating drought tolerance than heat tolerance under the current climate. However, under future climates yield gains were higher by incorporating heat tolerance at Akola, Samanko and Cinzana, but not at Indore. Net benefits of incorporating both drought and heat tolerance increased yield up to 17% at Akola, 9% at Indore, 7% at Samanko and 16% at Cinzana under climate change. It is concluded that different combinations of traits will be needed to increase and sustain productivity of sorghum in current and future climates at these target sites and that the CSM-CERES-Sorghum model can be used to quantify benefits of incorporating certain traits.
Introduction
Sorghum (Sorghum bicolor L.) is an important staple food for many poor people and a source of feed and fodder for livestock production in India and sub-Saharan Africa. In India, it is grown on 8.02 M ha with an average productivity of 920 kg ha −1 . In West Africa, Nigeria is the largest producer of sorghum followed by Burkina Faso and Mali. In Mali, it is grown on 1.06 M ha with an average productivity of 1020 kg ha −1 (mean of production data, FAO, 2012 . Climate change, in terms of higher temperatures, changing precipitation patterns and increased frequency of extreme weather events (IPCC, 2007) , will alter the current crop growing conditions across the globe with crop yields affected either negatively or positively. However, in the most arid and semiarid tropical regions, the projected climate change effect will be mostly negative thus threatening food security in these regions (Fischer et al., 2005; Howden et al., 2007) . In the semiarid tropical regions the changes in rainfall coupled with a rise in temperature may reduce the length of the growing period (LGP) as determined by the duration of soil water availability (Cooper et al., 2009 ). Therefore, it will be important that the maturities of crops match the periods of water availability to achieve higher and stable yields. The optimum air temperature range for vegetative and reproductive growth of sorghum is 26-34 • C (Hammer et al., 1993; Alagarswamy and Ritchie, 1991) and 25-28 • C (Prasad et al., 2006 (Prasad et al., , 2008 , respectively. In the semi-arid tropics where sorghum is currently grown during the rainy season, the mean crop-season temperatures are already close to or above these optimum temperatures. However, increased CO 2 concentration in the atmosphere could have beneficial effects on crop growth, and could partially negate the detrimental effects of rising temperatures depending on the degree of the temperature rise, and the extent of crop transpiration reductions under elevated CO 2 . Srivastava et al. (2010) , using the InfoCrop-Sorghum simulation model and the HadCM3 output for the A2a scenario, projected that climate change in different regions of India will reduce the rainy season sorghum yield by 3-16% by 2020 and 17-76% by 2050-2080; whereas for the postrainy season sorghum, climate change would likely reduce yields up to 7% by 2020, 11% by 2050 and 32% by 2080. Blane (2012) used a panel data approach to relate crop yields to standard weather variables and estimated 7-47% reduction in yield of sorghum for sub-Saharan Africa by 2100. Using the EPIC crop model and the HadCM climate model output, Butt et al. (2005) predicted an 11-17% reduction in sorghum yield for Mali by 2030. Other simulation studies for Africa (Tingem et al., 2008 (Tingem et al., , 2009 Chipanshi et al., 2003) also reported substantial reductions in sorghum yield under future climates.
When climate changes are relatively small, the current agronomic adaptation measures can help farmers adapt. However, more extensive changes may require genetic improvement of crops for greater tolerance to elevated temperatures and drought, improved responsiveness to rising CO 2 and the development of new agronomic technologies . Because agriculture will not experience the same climate change in all regions, site-specific improved crop varieties, cropping systems and management practices will be needed to adapt to the characteristics of the future climates and other natural endowments of each region. Plant breeders are already targeting specific plant traits to breed new crop varieties that will perform better in future climates (Reddy et al., 2011; Nguyen et al., 2013) . Therefore, an early assessment of the potential benefits of such traits in the target environments is needed before significant investments are made to pursue these goals. Plant growth simulation models can be used to assess crop growth and yield advantages due to new technologies in different environments by using environment-specific weather, soil and agronomic management data (Boote et al., 2001) . Since these crop models incorporate parameters representing genetic traits, they can be used to predict the potential benefit single or multiple combinations of traits would have on crop performance in a target environment (Boote et al., 2001; Singh et al., 2012) . Using crop models, many researchers in the past have proposed plant ideotypes or genetic improvement of crops for higher yields (Landivar et al., 1983; Boote and Tollenaar, 1994; Yin et al., 1999; Hammer et al., 1996 Hammer et al., , 2002 Hammer et al., , 2005 Hammer et al., , 2010 Tardieu, 2003; White and Hoogenboom, 2003; Messina et al., 2006; Suriharn et al., 2011) . Hammer et al. (2005 Hammer et al. ( , 2010 used the ASPIM modeling framework to hypothesize genetic improvement in sorghum, although they did not focus on issues of adaptation to climate change. Under climate change new constraints and opportunities for crop production are emerging, thus these studies need to be further extended to determine new plant types for improved adaptation to future climates of the target regions. With improved knowledge, understanding and modeling of crop response to climate change factors (high temperatures, increased rainfall variability, increased atmospheric CO 2 concentration and their interactions); crop models have excellent potential to assess benefits of genetic improvement for higher yields and adaptation to current and future target environments. The objective of this study was to quantify the potential benefits of genetic improvement, particularly crop life cycle, yield potential, drought and heat tolerance traits and their combinations, on sorghum yields under current and future climates of selected sites in the sorghum growing areas of India and West Africa.
Materials and methods
Simulations of sorghum were carried out for two sites each in India (Akola and Indore) and Mali (Samanko and Cinzana), West Africa. The geographical, soil and climatic characteristics of the sites are given in Table 1 .
The sorghum model and input data
We used the CSM-CERES-Sorghum model, which is a part of the DSSAT v4.5 (Decision Support System for Agro-technology Transfer, version 4.5) (Hoogenboom et al., 2010) , to study the impact of climate change factors and genetic modifications on the productivity of sorghum. The major components of the sorghum model are vegetative and reproductive development, carbon, water and nitrogen balance and these processes have been described in detail by Ritchie et al. (1998) and Ritchie (1998) . The model simulates sorghum growth and development using a daily time step from sowing to maturity and ultimately predicts yield. The model is sensitive to various climate change factors such as high temperature, variability in rainfall and increased CO 2 concentrations in the atmosphere. In the model, high temperature influences growth and development by shortening the crop life cycle and reducing allocation of biomass to the reproductive organs through decreased seed set and seed growth rate. Increased CO 2 concentration in the atmosphere increases crop growth and biomass production through increased radiation use efficiency (RUE). Increased CO 2 also reduces transpiration from the crop canopy via an empirical relationship between canopy conductance and CO 2 concentration. These two processes of CO 2 effects are described in detail in Sections A.1 and A.2 of Appendix A. Changes in rainfall characteristics influence soil water balance and thus the pattern of water availability to the crop during its life cycle. Thus the model has the potential to simulate the impact of climate change on growth and development of sorghum.
The minimum data set required to simulate a crop is described by Jones et al. (2003) . Briefly, it includes site characteristics (latitude and elevation), daily weather data (solar radiation, maximum and minimum air temperatures and precipitation), basic soil profile characteristics by layer (soil saturation limit, drained upper limit and lower limit of water availability, bulk density, organic carbon, pH, root distribution factor, runoff and drainage coefficients) and management data (cultivar, sowing date, plant population, row spacing, sowing depth, dates and amounts of irrigation and fertilizers applied). The cultivar data include the genetic coefficients (quantified traits) that distinguish one cultivar from another in terms of phenological development, photoperiod sensitivity, growth and partitioning to vegetative and reproductive organs. Crop-specific parameters, which describe the basic processes of crop growth, development and yield formation of sorghum, are also inputs to the model.
For India, the soil profile data for the sites were obtained from the soil survey bulletins published by the National Bureau of Soil Survey and Land Use Planning, Nagpur, India (Lal et al., 1994) . Long-term weather data (daily records of rainfall, maximum and minimum temperatures) for the sites were obtained from the India Meteorology Department, Pune, India. Solar radiation for the sites was estimated from the temperature data following the method of Bristow and Campbell (1984) . For the Samanko and Cinzana sites, the soils data were taken from the records of the ICRISAT Research Station at Bamako, Mali. The weather data for the Samanko and Cinzana sites were downloaded from the NASA site Table 1 Geographical, soil and climatic characteristics of sites in India and Mali (West Africa).
India
Mali ( (http://earth-www.larc.nasa.gov/cgi-bin/cgiwrap/solar/agro.cgi? email=agroclim@larc.nasa.gov); and the NASA rainfall data was replaced by the measured data of the sites. Soils data were entered in the soils data file (*.SOL) and the daily weather data in the weather files (*.WTH) for each site.
Model adjustments for high temperature conditions
The current version of the CSM-CERES-Sorghum model in DSSAT v4.5 is not sufficiently sensitive to high temperature conditions for the processes of crop growth and grain yield formation (seed-set and seed growth) determining final yield of susceptible and tolerant cultivars at harvest. As these processes are major determinants of grain yield at high temperatures (Prasad et al., 2006) , changes were made in the temperature functions of relative photosynthesis (PCARB) and grain-filling (RGFIL) rates of sorghum as given in the crop-specific parameter file (*.SPE) of the model. The original value of damaging "failure" temperature threshold (Tmax) for PCARB was 50.0 • C. This was set to 44 • C to increase sensitivity of photosynthesis to high temperatures (Table B .1, Appendix B). This change in sensitivity of photosynthesis had no effect on biomass or yield for any of the available sorghum simulations in the DSSAT (Patancheru, India, 1980; Kunnunurra, Australia, 1982; Tempe, Arizona, 1998 /1999 Ouagadougou, Burkina Faso, 2006 . For RGFIL, the original values of the upper side optimum temperature (Topt2) and the damaging "failure" temperature threshold (Tmax) were 44 • C and 50.0 • C, respectively. By comparison to data of Prasad et al. (2006) , these two upper-side default values for the RGFIL function in the CSM-CERES-Sorghum were unrealistically high, having never been tested. Sunlit controlled-environment studies by Prasad et al. (2006) indicated the optimum temperature for sorghum grain yield was 27 • C or below, and that failure temperature for zero grain yield (and seed-set) was 35 • C. Therefore, for the standard susceptible cultivar, the Topt2 for RGFIL was set to 27 • C and the Tmax was set to 35 • C (Table B .1, Appendix B). The temperature response was not calibrated to data of Prasad et al. (2006) , but rather their reported values were just accepted as values for optimum versus failure of seed growth rate for the RGFIL function. Fig. 1 shows how the model simulated sorghum yield and seed size response to temperature treatments compared to the sunlit controlled environment data of Prasad et al. (2006) , where the cultivar life cycle and seed size for DeKalb 28E were set for the 32/22 • C treatment, with full incident solar radiation, and a soil fertility factor of 1.00, but no other adjustments were made. Setting of the RGFIL function was made prior to model evaluation to data of Prasad et al. (2006) , so failure to exactly predict the temperature effect on yield and grain size is acceptable, and indicates other aspects of the model that may need improvement, but we wanted to stay with only "read-in" species parameters rather than make source code changes. The RGFIL modifications were subjected to sensitivity analyses with the above listed tropical and subtropical field experiments. The changes to RGFIL (Topt2 from 48 to 27 • C, and Tmax from 50 to 35 • C) caused no yield reduction at Patancheru (7 kg ha −1 over three treatments), minor reductions at Kunnunurra (11 kg ha −1 or 0.2% over three treatments), 96 kg ha −1 yield reduction or 2.0% over eight treatments at Tempe, Arizona, and 326 kg ha −1 yield reduction or 10.1% over 26 treatments at Ouagadougou. This shows that the changes made in Topt2 and Tmax of RGFIL were appropriate for simulating the yield of a high temperature susceptible sorghum cultivar. For the heat tolerant cultivar, both Topt2 and Tmax had higher threshold by 2 • C on RGFIL (Table B .1, Appendix B). A sensitivity test of the 2 • C more tolerant cultivar gave 0%, 0.2%, 1.9%, and 6.8% increases in yield at Patancheru, Kunnunurra, Tempe, and Ouagadougou, where the average temperature during grain filling was 25.9, 26.5, 28.0, and 29.4 • C, respectively. The 27 • C threshold clearly shows to be important. The 2 • C greater tolerance trait gave an 8% yield increase at the 36/26 • C treatment of Prasad et al. (2006) . Latest DSSAT v4.6 release has these revised temperature thresholds for PCARB and RGFIL.
Model calibration of genetic coefficients for baseline cultivars
For the Indian sites, the cultivar CSV 15 was considered as the most suitable baseline cultivar. In the All India Coordinated Research Project on Sorghum (AICRPS) trials, cultivar CSV 15 was used as one of the national checks at most test sites in India.
To determine genetic coefficients of CSV 15, the past crop data (2001) (2002) (2003) (2004) available with ICRISAT and the Advanced Variety Trials data (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) of AICRPS conducted at six sites in India were used (AICRPS, 1994 (AICRPS, -2008 . The six sites were: Surat (Gujarat), Dharwad (Karnataka), Indore and Parbhani (Maharashtra), Indore (Madhya Pradesh) and Coimbatore (Tamil Nadu). The available agronomic data included sowing date, harvest date, N, P and K application and number of irrigations given to the crop. The measured data available from the variety trials were days to 50% flowering (anthesis), days to maturity, seed size, and grain and fodder yield. All the agronomic data were provided in the management file (*.SGX) and the measured data in the observed data file (*.SGA). Each year was considered as a treatment in the management file. A plant population of 18 plants per m 2 with a row-to-row spacing of 45 cm, as recommended for rainy season sorghum, was considered for this analysis. At the six sites, sorghum was grown during the rainy season on high water holding capacity Vertisols and associated soils. First, the phenology coefficients were set by several model iterations such that the simulated days to anthesis and physiological maturity matched the observed data across locations. This was achieved by adjusting the coefficients P1 (thermal time from seedling emergence to the end of the juvenile phase), P2O (the longest day length at which development occurs at a maximum rate), and P2R (extent to which phasic development leading to panicle initiation is delayed for each hour increase in photoperiod above P2O) to calibrate days to anthesis and later P5 (thermal time from beginning of grain filling to physiological maturity) to calibrate the days to physiological maturity. Crop canopy expansion, total biomass production and its partitioning to panicle and seeds were set by adjusting the G1 (scale for relative leaf size) and G2 (scale for partitioning of assimilates to the panicle) coefficients. The soil fertility (SLPF) and relative root distribution (SRGF) parameters located in the soil file (*.SOL) were also set to match the simulated yields with the observed data both for the water-stressed and non-stressed conditions. The SLPF values used were 0.85, 0.95, 0.86, 0.75, 0.95 and 0.68 for Indore, Surat, Akola, Parbhani, Dharwad and Coimbatore, respectively. Since the weather and soils data used for simulation did not belong exactly to the trial sites and the information on agronomic management and crop growth during the season had some gaps, we calibrated the genetic coefficients such that the maximum, minimum and mean grain yields simulated by the model were mostly within 15% of the reported maximum, minimum and mean grain yields for the sites. We assumed that the maximum yields were obtained without any major abiotic or biotic constraints, while minimum yields were obtained under the overriding impact of drought. Thus, we established that the maximum rain-fed potential yield, the minimum yield and the mean yield for each site are simulated accurately.
For the sites in Mali, the cultivars CSM 335 and CSM 63E were considered as the baseline cultivars. The crop phenology and yield data for these cultivars were available from agronomic trials conducted during 2005-2008 at Samanko. In these trials the cultivars CSM 335 and CSM 63E were grown at various plant populations and sowing dates under high fertility management (100-120 kg N and 20-40 kg P ha −1 application rates). Additional data were also available from the multi-location plant breeding trials conducted during 2006-2010 at Samanko, Kolombada, Wobougou and Keniero sites in Mali, wherein cultivars CSM 335 and CSM 63E were included as checks. From these multi-location trials, only crop yield data recorded under only high fertility management (40-60 kg N and 20-50 kg P ha −1 application rates) were considered for calibration of the two cultivars. The SLPF values used were 0.68, 0.64, 0.60 and 0.53 for the Samanko, Kolombada, Wobougou and Keniero sites, respectively. The sorghum crop in all the trials in Mali was grown rainfed. The calibration procedure for the CSM 335 and CSM 63E cultivars was the same as for the CSV 15 cultivar. The genetic coefficients of the three baseline cultivars used in this study are presented in Appendix C.
Development of virtual cultivars

Crop life cycle and yield potential
For each baseline cultivar three life cycles (crop maturity durations) were considered for developing virtual cultivars -baseline (no change in the genetic coefficients of the baseline cultivar), 10% shorter and 10% longer maturity cultivars. To make changes in the crop duration, the genetic coefficients P1 (thermal time from seedling emergence to the end of the juvenile phase), P2O (critical photoperiod or the longest day length (in h) at which development occurs at a maximum rate) and P5 (thermal time from beginning of grain filling to physiological maturity) located in the cultivar file (*.CUL) were altered. To decrease the crop duration by 10%, P1 was decreased and P2O increased to have 10% reduction in days to anthesis and the value of P5 was decreased to have an overall 10% reduction in days to physiological maturity. For the 10% longer duration cultivar; P1 was increased, P2O was decreased and P5 was increased. To increase the yield potential of cultivars, coefficients G1 (scale for relative leaf size) and G2 (scale for partitioning of assimilates to the panicle) coefficients in the cultivar file and RUE (radiation use efficiency) in the ecotype file (*.ECO) were increased by 10% each.
Drought tolerance
To enhance drought tolerance of cultivars, changes were made in the relative root length density distribution with depth (WR) and the lower limits of water availability (LL) for each soil layer in the soil file (*.SOL). Currently, the WR for different soil layers is estimated as per the following exponential equation:
where Z(L) is the depth to the midpoint of the soil layer L. Drought tolerant cultivars were assumed to have higher rooting density at depth for greater ability to extract soil water (Jordan et al., 1983) . The deeper root length density distribution was computed by the following power equation:
where the value 5 (in meters) was used for all soils and p was equal to 6. This progressively increased WR (over the default) with depth in the soil profile for greater soil water extraction. In addition to increased WR with depth, the available water in each soil layer was increased by 5% by reducing the lower limit (LL) of soil water extraction as follows: LL(TOL) = LL − 0.05*(DUL − LL), where LL(TOL) is the LL for the drought tolerant cultivar and DUL is the drained upper limit. The presumption is that a drought tolerant cultivar can extract water at a higher tension from each given layer (Passioura, 1983) .
Heat tolerance
Currently heat tolerance is not a cultivar coefficient in the sorghum model, but rather is a species-wide trait described in the species file. Heat tolerance of sorghum was increased by increasing the two temperature threshold values of RGFIL (relative grain filing rate) located in the species file (*.SPE) each by 2 • C, i.e., the upper optimum temperature threshold (TOP2) value was increased from 27 to 29 • C and the damaging (failure) temperature threshold (TMAX) value increased from 35 to 37 • C (Table B .1).
Projected climate change at the target sites
Statistically downscaled (delta method) projected climate data as per the UKMO-HADCM3 GCM model for the SRES A1B scenario for the 2050 (2040-2069) time slice and the WorldClim baseline (1960-90) climate data were downloaded from CIAT's climate change portal (http://ccafs-climate.org/ download sres.html#down). The spatial resolution of the projected climate data was 2.5 arc-minute (5 km 2 ) and that of baseline data was 30 arc-second (1 km 2 ). Based on the latitude and longitude of the target sites, the required data were extracted from these two databases. The difference between the projected monthly maximum and minimum temperatures by 2050 and the baseline values gave the "delta" changes in temperature. The percent deviations in monthly rainfall from the baseline values were also calculated ( Table 2) . Monthly changes in maximum and minimum temperature and rainfall along with CO 2 increase as per the ISAM model (IPCC, 2001) were input to the 'environmental modifications section' of the management files of sorghum (.SGX). Temperatures were entered as change in temperature, rainfall as ratio of projected rainfall to baseline rainfall and CO 2 as absolute value against first day of each month. During the simulation process the observed baseline daily weather data of a given month was modified with the projected climate change values of that month starting with the first day of each month.
Simulating the impact of climate change and genetic traits
The CSM-CERES-Sorghum simulation model coupled with the seasonal analysis program available in DSSAT v4.5 was used to simulate the impact of climate change on sorghum productivity. Simulations were carried out for the baseline climate and the projected climate change of 2050 "slice" for each site. The impacts of change in temperature (temp.), changes in temperature and CO 2 (temp. + CO 2 ) and changes in temperature, CO 2 and rainfall (temp. + CO 2 + rain) were evaluated separately to quantify the impact of each successive factor. The atmospheric CO 2 concentration considered was 380 ppm for the baseline climate and 530 ppm for the 2050 climate projections (IPCC, 2001) .
For the Indian sites, the simulations were initiated on 1 January each year and the soil profile on that day was considered to be at the upper limit of soil water availability (DUL). Considering the onset of rainy season after the long dry period, sowing window assumed was 6 July to 30 August for Akola and 23 June to 15 August for Indore each year. The simulated crop was sown on the day when the soil moisture content in the top 30-cm soil depth had reached at least 40% of the extractable water-holding capacity during the sowing window. A plant population of 18 plants per m 2 with a rowto-row spacing of 45 cm was considered for simulating sorghum growth. Di-ammonium phosphate at 100 kg ha −1 was applied to supply 20 kg N and 20 kg P per ha at the time of sowing. Additional doses of 30 kg N ha −1 each were applied as urea at 30 and 60 days after sowing. The SLPF (soil-limited photosynthesis factor) values were 0.86 and 0.85 for Akola and Indore, respectively. The simulations were carried out for 30 years each for Akola and Indore (1975 Indore ( -2004 .
For the Samanko and Cinzana sites, simulations were initiated on 15 May each year and the soil profile was considered to be at the lower limit (LL) of soil water availability on that day. The sowing window was 25 June to 20 July. The crop was sown on the day when the soil moisture content in the top 60 cm soil depth had reached at least 55% of the extractable water-holding capacity during the sowing window. Plant population, row-to-row spacing and nutrient management were the same as for the Indian sites. The SLPF value was 0.68 for Samanko and 0.74 for Cinzana. Simulations were carried out for 14 years (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) for Samanko and 28 years for Cinzana. The crop was simulated as rainfed at all the sites in India and Mali. As the sorghum model does not account for the effects of pests and diseases on crop growth and yield, the crop was considered free from pests and diseases.
All the simulated data were analyzed by following the analysis of variance (ANOVA) method using GenStat software (Payne et al., Table 3 Grain yield (kg ha −1 ) of sorghum virtual cultivars derived from CSV 15 under baseline climate and projected changes in temperature (temp.), CO2 and rainfall (rain) by 2050 at Akola, India. 2009). Analyses were carried out to compare the performance of virtual cultivars within climate scenarios, or to compare the performance of a single virtual cultivar or tolerance trait across climate scenarios. To analyze data, the randomized complete block design (RCBD) was followed and the least significant differences at 5% level of probability were calculated to compare the treatments. Years were considered as replications (blocks), as the sorghum yield in one year under a given treatment was not affected by another year (prior year carry-over of soil water was not simulated).
Results
Simulated values of grain yields for the baseline cultivars were significantly correlated with observed data (CSV 15: y = 1.04x − 137.2; RSME = 366; R 2 = 0.91; CSM 335: y = 1.04x − 214.6; RSME = 338; R 2 = 0.85; CSM 63E: y = 0.95x + 74.4; RSME = 216; R 2 = 0.86) (Fig. 2) . The d-value, a measure of model predictability (Willmott, 1982) , was also high for the cultivars (0.97 for CSV 15, 0.95 for CSM 335 and 0.96 for CSM 63E). These results confirm that the genetic coefficients of the cultivars are accurate and that the sorghum model can be reliably used to simulate growth and yield of sorghum in response to climate change factors and genetic modifications for different soil-climate environments of India and Mali.
3.1. Response to climate scenarios and genetic traits
Akola
At Akola the baseline cultivar CSV 15 took 71 days to anthesis, 108 days to physiological maturity and on average produced 3790 kg of grain yield per ha under the baseline climate (Table 3) . Under the shorter growing cycle, grain yield decreased by 16% and under longer cycle it increased by 4%. By modifying the yield potential traits (G1, G2 and RUE), the grain yield of the baseline, shorter, and longer maturity cultivars increased by 16%, 26% and 11%, respectively, as compared to their counterparts with lower yieldpotential traits. Under climate change the grain yield of the baseline cultivar decreased by 23% with the increase in temperature, 19% with the increase in temperature + CO 2 and 18% with the change in temperature + CO 2 + rainfall. Under the three climate change scenarios, the yield of shorter maturity cultivar decreased by 20-22% and that of longer maturity cultivar increased by 10-12%. Under climate change scenarios, the yield potential traits increased the yield by 21-23% for the baseline cultivar, 30-33% for the shorter maturity cultivar and 16-18% for the longer maturity cultivar as compared to the yield of counterparts without yield potential traits. These changes in yield due to crop maturity or yield potential traits were statistically significant (P < 0.05) under the climate change scenarios. Across climate scenarios, the maximum yield was simulated for the 10% longer maturity cultivar with high yield potential traits. With drought tolerance the yields of virtual cultivars increased by 3-6% under baseline climate and 3-4% under climate change as compared to the baseline yield of their counterparts without drought tolerance trait (Table 4 ). The benefit of incorporating heat tolerance was up to a 4% increase in yield under baseline climate and up to 12% under climate change. These results indicate that yield gains of virtual cultivars were greater with drought tolerance than with heat tolerance under current climate; however under future climate heat tolerance will be more important than drought tolerance for sustaining yields at Akola. The combined benefit of drought and heat tolerance traits across the virtual cultivars ranged from 5% to 8% increase in yield under baseline climate and 13-17% under climate change as compared to the yield of their counterparts without tolerance traits incorporated.
Indore
At Indore the baseline cultivar CSV 15 took 75 days to anthesis, 115 days to physiological maturity and on average produced 3540 kg of grain yield per ha under the baseline climate (Table 5) . With shorter maturity the grain yield decreased by 15% and with longer maturity it increased by 4%. By modifying the yield potential traits, the grain yield of baseline, shorter, and longer maturity cultivars increased by 19%, 23% and 18%, respectively, as compared to their counterparts with lower yield-potential traits. Under climate change, the grain yield of baseline cultivar decreased by 7% with increase in temperature, 1% with the increase in temperature + CO 2 and 6% with the change in temperature + CO 2 + rainfall. Under the three climate change scenarios, the yield of the shorter maturity cultivar decreased up to 22% and increased up to 9% for the longer maturity. Under climate change scenarios, the yield potential traits increased the yield by 20-22% for the baseline cultivar, 26-30% for the shorter maturity and 17-19% for the longer maturity cultivar as compared the yield of their counterparts without yield potential traits. These differences in yield of virtual cultivars under the climate scenarios due to crop maturity and yield potential traits were statistically significant (P < 0.05). Maximum yield was simulated for the longer maturity cultivar with high yield potential traits under both baseline climate and climate change. With drought tolerance the yield of virtual cultivars increased by 4-10% under baseline climate and 2-8% under climate change as compared to the yield of their counterparts without drought tolerance trait (Table 6) . Generally the higher benefit due to drought tolerance was associated with longer maturity cultivars than the baseline or the shorter maturity cultivar. The yield benefit due to this trait decreased under climate change because of projected increase in rainfall for the site during July to October. Incorporating heat tolerance did not benefit the crop under baseline climate; whereas under climate change, this benefit was only up to 3% increase in yield for the YP, yield potential; % change, percent yield gain due to the trait compared to the baseline yield of a virtual cultivar with the same crop maturity and yield potential traits within climate scenario. a Least significant difference (kg ha −1 ) at 5% level of probability to compare yields within the same row. For explanation of abbreviations and footnotes, see Table 3. shorter maturity cultivar without yield potential trait. These results show that drought tolerance, rather than temperature tolerance, is an important trait for sorghum at Indore under both the current and future climates. Combining drought and heat tolerance under both baseline and climate change did not improve the yields above those simulated with drought tolerance for each virtual cultivar.
Samanko
At Samanko the baseline cultivar CSM 335 took 81 days to anthesis, 120 days to physiological maturity and on average produced 2700 kg of grain yield per ha under the baseline climate (Table 7) . Under shorter maturity, grain yield decreased by 8% and under longer maturity it increased by 4%. By modifying the yield potential traits, the grain yield of baseline, shorter, and longer maturity cultivars increased by 11%, 14% and 10%, respectively, as compared to their counterparts with lower yield-potential traits. Under climate change, the grain yield of baseline cultivar decreased by 14% with the increase in temperature, 12% with the increase in temperature + CO 2 and 12% with temperature + CO 2 + rainfall. Under the three climate change scenarios, the yield of the shorter maturity cultivar decreased by 21-24% and for the longer maturity cultivar increased up to 8% as compared to the yield of the baseline cultivar within the climate scenario. Under climate change, the benefits of yield potential traits increased up to 15% for the baseline cultivar, 23-27% for the shorter maturity cultivar and up to 12% for the longer maturity cultivar as compared to the yield of For explanation of abbreviations and footnote, see Table 4 . counterparts without yield potential traits. The much larger effect of yield potential traits for short maturity cultivar may be related to the beneficial effect of increased RUE and other traits to recover productivity associated with shorter vegetative growth and lower leaf area index. All these changes in yield of virtual cultivars due to maturity duration or yield potential traits were statistically significant (P < 0.05) under both baseline climate and climate change. Across the climate scenarios, the maximum yield was simulated for the longer maturity cultivar with high yield potential traits incorporated. Incorporating drought tolerance did not benefit the crop under both the baseline climate and climate change (Table 8) .
Incorporating heat tolerance did not benefit the crop under the baseline climate; however, the benefit increased up to 7% under climate change. The combined benefits of drought and heat tolerance across virtual cultivars was up to 2% increase in yield under baseline climate and up to 7% under climate change as compared to the yield of their counterparts without these traits incorporated.
Cinzana
At Cinzana the baseline cultivar CSM 63E took 63 days to anthesis, 85 days to physiological maturity and on average produced 2210 kg of grain yield per ha under the baseline climate (Table 9) . With shorter maturity the grain yield decreased by 26% and with longer maturity it increased by 20%. By modifying the yield potential traits, the grain yield of baseline, shorter, and longer maturity cultivars increased by 22%, 36% and 14%, respectively, as compared to their counterparts with lower yield-potential traits. Under climate change, the grain yield of baseline cultivar decreased by 36% with the increase in temperature, 30% with the increase in temperature + CO 2 and 30% with temperature + CO 2 + rainfall. With the three climate change effects, the yield of the shorter maturity cultivar decreased up to 39% and for the longer maturity cultivar increased up to 33%, indicating that longer maturity cultivars will be more suitable under climate change at Cinzana. Under climate change scenarios, the benefits of yield potential traits ranged from 28% to 34% for the baseline cultivar, 46-51% for the shorter maturity cultivar and up to 25% for the longer maturity cultivar as compared the yield of counterparts without yield potential traits. All these changes in yield of virtual cultivars due to maturity duration or yield potential traits were statistically significant (P < 0.05) under both baseline and climate change. Across the climate scenarios, the maximum yield was simulated for the longer maturity cultivar with high yield potential traits incorporated. When drought tolerance was incorporated in the virtual cultivars, the yields increased up to 6% under both the baseline climate and climate change as compared to their counterparts without drought tolerance (Table 10) . Incorporating heat tolerance increased the yield of virtual cultivars up to 3% under baseline climate and up to 9% under climate change. All yield increases of virtual cultivars due to drought or heat tolerance were statistically significant (P < 0.05). The combined benefits of drought and heat tolerance across virtual cultivars were up to 9% under baseline climate and 9-16% under climate change.
Discussion
Using the CSM-CERES-Sorghum model, we have quantified the contribution of crop life cycle, yield potential, drought and heat tolerance traits and their combinations on sorghum yield under current and future climates of the target sites in India and Mali. As climate change will alter the length of growing period (LGP) due to changes in rainfall and temperature, the first step to achieve higher yields under genetic adaptation is to fit the maturity duration of crops to the changing LGPs. This will ensure the least possible water and heat stress to the crop during its life cycle, while fully using the season available. The study revealed that under climate change a 10% longer maturity cultivar will give up to 12% increases in grain yield at Akola, up to 9% at Indore, up to 8% at Samanko and up to 33% at Cinzana. It is not surprising that longer cycle cultivars are helpful to recover yield under climate change, as the warmer climate typically shortens the life cycle which itself reduces yield. Fitting crop duration to the changed LGPs in future should be an easy adaptation process because sufficient genetic variability exists in maturity traits among sorghum genotypes (Reddy et al., 2006) , which can be deployed to match the maturity duration of sorghum cultivars to the periods of water availability under future climate change. Table 7 Grain yield (kg ha −1 ) of sorghum virtual cultivars derived from CSM 335 under baseline climate and projected changes in temperature (temp.), CO2 and rainfall (rain) For explanation of abbreviations and footnotes, see Table 3 . For explanation of abbreviations and footnote, see Table 4 . For explanation of abbreviations and footnotes, see Table 3 .
Table 10
Effect of incorporating drought and heat tolerance traits on the mean grain yield (kg ha −1 ) of virtual sorghum cultivars derived from CSM 63E at Cinzana, Mali.
Enhancing yield potential of virtual cultivars by increasing RUE, G1 and G2 coefficients each by 10% increased yields at all four sites. For the longer maturity cultivar, enhanced yield potential traits increased yield up to 18% at Akola, up to 19% at Indore, up to 12% at Samanko and up to 25% at Cinzana under different climate scenarios as compared to the longer maturity cultivar without the yield potential traits. For baseline and shorter maturity virtual cultivars, the yield gains due to yield potential traits were even larger. Such high yield gains for sorghum should be possible as these estimates are based on both increased source (RUE) and sink size (G1 and G2 coefficients) of sorghum virtual cultivars and such relatively small variation in these plant traits should exist among sorghum genotypes (Reddy et al., 2006; Hammer et al., 2010; Narayanan et al., 2013) .
The benefits of incorporating drought tolerance in sorghum were variable across sites depending upon the amount and distribution of rainfall and water retention properties of soils at the target sites. Under baseline climate, the simulated yield gains due to drought tolerance among virtual cultivars were the largest (4-10%) at Indore, followed by Cinzana (5-6%), Akola (3-6%) and negligible at Samanko. Because of the projected increase in rainfall after the month of June at Akola and Indore sites, there were lesser yield gains due to increased drought tolerance under climate change. Similar trend in responses under climate change was simulated for the Samanko site in spite of slight decrease in projected rainfall. However for the Cinzana site, the yield gains due to drought tolerance remained high (4-6%) under climate change. Although the rainfall is projected to increase at some sites with climate change, the crops may still suffer from drought due to increased water demand caused by higher air temperatures with climate change and also in some years due to low rainfall during the season. Though drought tolerance in sorghum could be attributed to multiple plant traits, increased rooting depth in the soil profile and/or increased root length density (RLD) in the subsoil resulting in greater water extraction during the periods of water stress are suggested as the prominent mechanisms for drought tolerance and higher yields under water stress in sorghum (Jordan et al., 1983; Passioura, 1983; Lafolie et al., 1991) . Genotypic variation in sorghum for root traits exists, which can be utilized for developing drought tolerant cultivars (Bhan et al., 1973; Mayaki et al., 1976; Jordan et al., 1979) . Deeper roots or increased RLD must result in greater water extraction by the crop during the periods of water stress to give yield advantages over the drought susceptible genotypes. Increased RLD at depth and lower values of LL also enhanced water use efficiency (yield/evapotranspiration) of the crop because most of the additional water uptake from the subsoil was lost as transpiration. Thus, the approach used in the model to simulate the benefits of drought tolerance is appropriate.
While drought is the major yield-reducing factor under current climate, temperature increases with climate change will reduce yields at all four target sites studied. Incorporating heat tolerance in the sorghum virtual cultivars under climate change increased yields by 8-12% at Akola, followed by Cinzana (up to 9%), Samanko (up to7%) and Indore (up to 3%). As the Indore site currently has high rainfall and moderate temperatures during the growing season, incorporating heat tolerance trait will not significantly benefit the crop in the near future. Heat tolerance exists among sorghum genotypes (Nguyen et al., 2013) , thus it will be possible to breed sorghum cultivars for higher yield for the future climate conditions of the sites considered in this study. The yield gains due to heat tolerance simulated in this study are also realistic as the mechanisms that cause yield losses due to high temperature stress in the sorghum model are similar to those reported by Prasad et al. (2006 Prasad et al. ( , 2008 . Mean air temperatures in these studies were lower than the threshold value for photosynthesis (40 • C) as used in the model, and therefore had no effect on photosynthesis and total biomass. On the other hand, temperatures at some sites were higher than the threshold value for grain-filling rate (27 • C) and affected seed-set and seed-size by influencing the seed-filling rate (Prasad et al., 2006 (Prasad et al., , 2008 . However more research is needed under field conditions to explore the effect of high temperatures on plant processes affecting crop yields when imposed at various stages of plant growth and development.
When various plant traits were considered in combinations, the resulting yield outcome frequently depended on environment (region, soils, present and future climate). Longer cycle cultivars were generally highest in yield, but not necessarily to a similar extent in all environments. Yield-enhancing traits generally increased yield, but their extent of yield increase was greater in short cycle cultivars, showing a trend toward interaction with cultivar life cycle. Likewise, drought tolerance traits were more beneficial in some regions and future climates, with less yield benefit in higher rainfall regions or higher rainfall future climates. Similarly, the heat tolerance trait had no benefit in one region, and it gave greater yield increase under future climates because of warmer temperature. So, the extent of additivity versus interaction of traits is dependent on environment as shown by . In addition, the sorghum model does not consider the impact of pests and diseases on crop growth and yield, which are expected to become more virulent under climate change.
The simulation study investigated the role of genetic improvement of sorghum for adapting to climate change in future. However, because the climate changes are projected to be small in the nearfuture, short-term agronomic adjustments could be more useful than genetic options for adapting to climate change and substantial benefits have been reported (Easterling, 1996; Howden et al., 2007) . The agronomic practices may include changing the sowing date, fertilizer management, water conservation and efficient irrigation systems, integrated pest management, growing greater diversity of cultivars and the combination of these practices. As climate change becomes more severe a combination of both improved agronomic and genetic options will be needed for adapting to climate change. At every stage of adaptation process the prioritization of both agronomic and genetic improvement practices, in terms of yield or economic advantage, will be needed for adoption by the farmers under climate change.
Conclusions
Under both current and future climates, longer crop cycle duration and yield-potential traits increased sorghum yields to varying degrees at the target sites in India and Mali. Under current climate, the yield gains were larger by increasing drought tolerance than by increasing heat tolerance at the Akola, Indore and Cinzana sites and negligible at the Samanko site. Under climate change, the relative contribution of heat tolerance to yield gain increased at Akola (up to 12%), Cinzana (up to 9%), Samanko (up to 7%) and marginal increase at Indore. The study reveals that under climate change different combinations of plant traits will be needed to increase and sustain yields of sorghum at the target sites. The CSM-CERES-Sorghum model and the virtual crop modeling approach used in this study can be useful to quantify yield benefits from incorporating individual or combination of traits to cope with climate change. However, the model findings of the study need to be field tested before adoption by plant breeders and farmers. In addition, this study used the output of only one GCM model and only one crop model. Future work is needed to quantify uncertainties in the simulation results associated with different approaches for modeling for heat and drought tolerance as simulated with multiple crop models and also related to climate change projections of many different GCM scenarios.
In the CSM-CERES-Sorghum model, increased CO 2 concentration in the atmosphere affects crop growth and yield through its effects on radiation use efficiency (RUE) and plant transpiration. These processes are simulated by the model as follows.
A.1. CO 2 effect on RUE
The model uses a two-variable (X CO 2 and Y CO 2 ) lookup function that describes the relative effect of increased CO 2 on daily dry matter accumulation rate that is normalized around 330 ppm CO 2 concentration, and is a multiplier of the RUE used to estimate biomass production (Table A .1). These functions were developed based on literature-reported CO 2 response data of sorghum and maize listed in the USDA-ARS SAP4.3 report (Hatfield et al., 2008) and as presented by Boote et al. (2010) .
A.2. CO 2 effect on transpiration
Increased CO 2 concentration in the atmosphere causes partial stomata closure, therefore, reduces the loss of water from the crop as transpiration. In the model a transpiration ratio (T-ratio) is calculated, which is the ratio of transpiration at a given level of CO 2 concentration to the transpiration at 330 ppm reference CO 2 concentration. This is described by the following equation ( where ı represents the slope of the saturation vapor pressure-temperature relationship, is the psychrometric constant, R c is canopy resistance at a given level of CO 2 concentration, R c is canopy resistance at reference CO 2 concentration and R a is boundary layer resistance. R c and R c are computed as:
R c = R LFC /LAI and R c = R LF /LAI, where R LFC and R LF are leaf resistances at the projected and reference levels of CO 2 concentration, respectively, and LAI is leaf area index. R LFC and R LF are calculated as the sum of stomatal resistance and leaf boundary resistance assumed to be 10 s/m. In the CSM-CERES-Sorghum model, the T-ratio is used to adjust potential transpiration (EPo) only after daily reference evapotranspiration (ETo) is partitioned into potential soil evaporation (ESo) and EPo. As a result, the actual evapotranspiration (EP) will be lower at higher CO 2 levels relative to the computation at 330 ppm. Also, in the CSM model the R a , which varies daily during the season, is based on plant height, LAI and wind speed at 2 m height.
Appendix B.
The effects of temperature on photosynthesis and grain-filling rates were revised for the susceptible and heat tolerant cultivars of sorghum. These changed values in the model are presented in Table B .1. Current DSSAT V4.6 release uses the revised values, assuming susceptible cultivars.
Appendix C. P1, thermal time from seedling emergence to the end of the juvenile phase (degree days); P2, thermal time from the end of the juvenile stage to tassel initiation under short days (degree days); P2O, critical photoperiod or the longest day length (in h) at which development occurs at a maximum rate. At values higher than P2O, the rate of development is reduced; P2R, extent to which phasic development leading to panicle initiation (expressed in degree days) is delayed for each hour increase in photoperiod above P2O; PANTH, thermal time from the end of tassel initiation to anthesis (degree days); P3, thermal time from end of flag leaf expansion to anthesis (degree days); P4, thermal time from anthesis to beginning grain filling (degree days); P5, thermal time from beginning of grain filling to physiological maturity (degree days); PHINT, phylochron interval; the interval in thermal time between successive leaf tip appearances (degree days); G1, scalar for relative leaf size; G2, scalar for partitioning of assimilates to the panicle (head).
